Introduction
Heavy metal contamination poses great detrimental effect on human health as well as aquatic ecosystem due to the non-biodegradable nature, among which lead is treated as one of the most toxic heavy metals. Excessive intake of lead will induce plenty of neurological, hematological and renal side effects, such as cognitive and behavioral impairment of infants and children [1] , restraint of the formation of hemoglobin [2] and chronic kidney dysfunction or hyperuricemia [3] . Immoderate anthropogenic activities, especially discharge of untreated wastewater which usually contains a large quantity of heavy metals, severely deteriorate the quality of different water bodies, e.g. lakes, rivers and streams. These places are considered to be natural reservoirs to supply fresh water to human society and ecosystem. A small area of heavy metal pollution will rapidly sprawl into downstream waters. Hence, continuous monitoring of contamination levels of heavy metal ions at crucial water areas is helpful in quickly identifying the pollution source and minimizing the dissemination issue to a large extent. On-site field measurement of heavy metal pollution requires a compact and portable sensing system which can be easily and quickly operated without complicated accessories.
Therefore, development of low-cost, easy-to-use, disposable, miniaturized and sensitive chemical sensors that can be integrated into the sensing system will be highly desirable.
Unfortunately, conventional heavy metal detection techniques are not suitable for on-site measurement as they typically rely on laboratory analysis of routinely-collected water samples from a number of locations. Besides, experiments to quantify the concentration of metal ions with analytical techniques such as atomic absorption spectrometry (AAS) [4, 5] , inductively coupled plasma atomic emission spectrometry (ICP-AES) [6] and inductively coupled plasma mass spectrometry (ICP-MS) [7, 8] , are relatively complicated, timeconsuming and require well-trained personnel to operate the equipment. In addition, unpredictable physical, chemical and biological reactions may occur in the samples during prolonged process of transportation and storage, which greatly diminishes the reliability of lab-based testing.
To address the abovementioned concerns, mercury electrodes, including mercury film electrodes [9, 10] and hanging mercury drop electrodes [11, 12] , have been conventionally used for the determination of heavy metal ions with stripping voltammetric methods. These electrochemical techniques, especially anodic stripping voltammetry (ASV), have attracted extensive interest from both academic and industrial areas to conduct on-site field evaluation of different heavy metal ions because of the cost-effective instrumentation, simple operation, high sensitivity, high selectivity and portability [13, 14] . However, the toxicity of mercury makes it unsuitable for on-site environmental monitoring in consideration of the adverse health effect brought by the mercury. Bismuth, an environmentally friendly element, provides an alternative electrode material for the application of heavy metal detection in natural environment due to the attractive electrochemical features, e.g. reproducible stripping behavior, broad linear range and good signal-to-background ratio etc. [15] . The bismuthbased electrodes can be prepared by simultaneously depositing bismuth and target metal ions onto the working electrode during the deposition process [14, 16] . Advantage of such approach reveals on the fact that target heavy metal ions together with bismuth ions are able to form a multicomponent alloy [15] , which highly accelerates the preconcentration of metal ions on the electrode surface, a crucial step of electroanalytical stripping analysis to enhance the sensitivity of heavy metal quantification. There are also some other effective methods focusing on augmentation of sensitivity for heavy metal detection, e.g. covalent attachment of aryl radical onto the surface of glassy carbon spheres [17] as well as the use of bifunctional periodic mesoporous organosilica [13] , siloxane-crown ether polyamide copolymer [18] , thymine-thymine mismatch-based oligonucleotide molecular beacon [19] , and metal-ion mediated gold nanoparticle-based assembly [20] to modify or functionalize the surface of the electrode.
Recently, the employment of screen-printed electrodes (SPEs) coupled with electrochemical stripping voltammetry gained widespread attention regarding field measurement of heavy metals, owing to the possibility of mass production of SPEs and attractive merits of stripping analysis, such as low cost, favorable operation and high sensitivity. Research pertaining to both commercially-available [21] and lab-built [22] SPEs has been widely reported due to the simple processes involved in the preparation of planar SPEs. On the other hand, modifications of the working electrode surface of SPEs have also been extensively investigated by using variety of materials, such as electrochemically reduced bismuth oxide [23] , 4-carboxy-phenyl diazonium [24] and graphene/ionic liquid composite [25] . Although SPEs have the potential to replace conventional macro-sized electrodes, effectiveness of SPEs to detect low concentration samples highly depends on the mass transport efficiency of metal ions towards the electrode surface. In general, vigorous stirring of testing solution [26] [27] [28] is involved in the course of electrochemical measurement to ensure adequate metal ions can be transported to the vicinity of sensing electrode.
Sensitivity of SPEs would be dramatically diminished if stirring cannot be provided. The usage of mechanical intervention (stirring accessories) will complicate the packaging of whole chemical sensor, compromising the device operability, portability as well as miniaturization for on-site application.
In an attempt to circumvent this problem, a miniaturized, portable, compact, MEMSbased chemical sensor is proposed by deriving the inspiration from shark's olfactory sensing system. It is incontrovertible that during the evolution process, survival instinct impels various creatures to be equipped with incredibly sensitive sensors [29] [30] [31] [32] . As for odorant sensing in the water, shark is one of the most reputed aquatic animals, since their sensing organs are highly responsible for perceiving and analyzing odorant information to initiate food searching, and to mediate the reproduction behavior [33] . As shown in Figure 1A , the olfactory organs of pelagic sharks, e.g. great white shark, lemon shark and tiger shark etc., are situated at the ventral side of the head and are completely isolated from the mouth, suggesting exclusive function for odorant detection instead of assisting in respiration [34] .
Inside the olfactory cavity, a large number of olfactory lamellae ( Figure 1B ) aggregate a rosette layout [35] to form internal gap system between opposite-facing lamellae for water circulation. Such structure will significantly increase the chances of odorant molecules to be captured by olfactory sensing system. The olfactory sensors of sharks, also known as olfactory receptor cells, are embedded beneath a layer of pseudostratified, columnar sensory epithelium ( Figure 1C ), which covers more surface area of each olfactory lamella than the nonsensory epithelium [36] . The morphological distribution of the olfactory receptor cells enlarges the total sensing area that is exposed to surrounding water, enabling sharks to develop highly sensitive olfactory sensing in water. boosting the sensitivity of odorant detection [37] . Dimensions of microfluidic channel as well as miniaturized on-chip electrodes together with arch-shaped micropillar electrode array are depicted in Figure 3A and 3B. 
Experimental

Sensor fabrication
Proposed bio-inspired MEMS chemical sensor consists of different structural layers as shown in Figure 4 . Fabrication of the chemical sensor was commenced by depositing 1 µm silicon dioxide (SiO 2 ) insulation layer on the 500 µm, P-type silicon (Si) substrate. After patterning with positive photoresist, a 300 nm layer of gold (Au) was sputtered to provide the electrical connection for each electrode, under which another layer of 100 nm chromium (Cr) was introduced for promoting the adhesion with underlying SiO 2 layer. Subsequently, lift-off processes were performed to define the position of base working electrode (600 nm Au) as well as base reference electrode (500 nm silver (Ag) combined with silver chloride (AgCl)).
Thereafter, a layer of 120 µm SU-8 negative photoresist was spin-coated and then exposed to the UV light to shape the core of micropillar electrodes. A thin film of 200 nm Au was coated on both top surface and side surface of each pillar to make the micropillar working electrode array to be electrically connected with the base electrode. Finally, the fabricated sensor was 
Chemicals and reagents
All the chemicals used in this study were of analytical grade and purchased from Sigma- replenished was provided to the working electrode after each measurement in order to remove the residual metal ions. All experiments were performed at room temperature and all solutions were used without prior deaeration.
Results and discussion
Characterization of micropillar working electrode array
With the intent of verifying the presence of Au thin film coated on the micropillar electrodes, energy dispersive spectroscopy (EDS) analysis was conducted to inspect the surface properties of individual micropillar. EDS spectrums, which can aid in revealing elemental constitution of sample surface, are shown in Figure 6A and 6B, corresponding to the top surface and side surface of the micropillar electrode. It is apparent that the micropillar was conformally covered by Au thin film, thereby functioning as a three-dimensional working electrode. Carbon (C) and oxygen (O) traces detected in the spectrum could be possibly due to the strong penetration of high-energy charged particles into the core of micropillar, which was made by SU-8 photoresist -a polymer mainly comprising the element of C and O.
Besides, the existence of C and O could also be attributed to any unexpected adulteration of impurities during the experiment. After performing the EDS spectrum analysis, the electrical connection between each micropillar electrode and bottom contact pad was carefully checked under high precision probe station (refer to Figure S3 Figure 7 , the sensor showed clear reduction and oxidation peaks when lead and bismuth were present in the solution, demonstrating high possibility to use proposed sensor for lead detection. In order to optimize the performance of the sensor, two important parameters pertaining to the preconcentration process, i.e. deposition potential and deposition time, were carefully evaluated. The effect of deposition potential on the stripping peak current of lead for the sensor with micropillar working electrode array was investigated from -0.5 to -1.1 V by keeping deposition time as well as flow rate unchanged (refer to Figure S9 in the supplementary material). The magnitude of peak current was initially increased in the period where deposition potential became more negative, owing to the fact that higher energy was supplied to induce more metal ions to participate in the process of electrochemical reduction.
The highest peak current was observed at -0.8 V deposition potential, after which stripping peak began to drop gradually on account of the enhanced evolution of hydrogen. A very similar trend was found by Honeychurch et al. [42] , when a microband carbon SPE was used to evaluate the impact of deposition potential. The study conducted by Wang et al. [25] with a disposable ionic liquid SPE modified by electrochemical reduction of graphene oxide also confirmed this tendency. As for the deposition time, its influence on the stripping peak current of lead was analyzed between 10 and 70 s (refer to Figure S10 in the supplementary material). In the beginning, stripping current greatly increased until a relative plateau level was attained, and then started to decrease slowly. The elevation of peak current can be explained by the reason that more metal ions were dispensed into the microfluidic channel, which brought more electroactive materials to be transported into the vicinity of micropillar working electrode array. However, prolonged deposition time could make the electrode surface to be quickly saturated, leading to the stagnation and/or decline of peak current. The phenomenon was also discovered by Rico et al. [21] using a carbon SPE and Figueiredo-Filho et al. [43] using a mini-sensor modified with bismuth film. In order to avoid the saturation of working electrode, especially at high concentration, the deposition time was selected to be 30 s, to keep the best compromise between measurement time and sensitivity.
Evaluation of the effect of flow rate
The impact of dispensing flow rate on the lead peak current was determined from 0.15 to 0.64 µL/s with unvaried deposition potential and deposition time. As shown in Figure 8A , peak current of MEMS chemical sensor with micropillar electrode array significantly became higher when the testing solution was fed at higher flow rate. On the contrary, for the sensor without micropillar electrode array, the magnitude of stripping current tended to be lower with increased flow rate. If the difference of peak current is only caused by the disparity of surface area, based on the results from cyclic voltammetry (refer to Section 3.1), stripping peak for the sensor with micropillar electrode array should be approximately 30% higher than the stripping peak for the sensor without micropillar electrode array. However, Figure 8B shows that percentage increase of peak current between the sensor with and without micropillar electrode array already approaches to 74% even at the lowest flow rate.
Furthermore, peak current ratio continues to accumulate when flow rate is augmented. 
Conclusions
In this study, a miniaturized MEMS chemical sensor was designed, fabricated, tested and 
